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Abstract. In this paper, three miniaturized equal/unequal 
filtering power dividers (FPDs) applying the half-mode 
substrate integrated waveguide (HMSIW) and metamate-
rial concepts are offered. The operational method of the 
presented structures is based on the theory of evanescent 
mode propagation. The stepped-impedance resonator (SIR) 
technique has been employed to reduce the dimension of 
the conventional complementary split ring resonator 
(CSRR) unit-cell. In this technique, the slot lines in the 
conventional CSRR are replaced by the stepped-impedance 
slot lines in the improved metamaterial unit-cell which is 
called SIR-CSRR unit-cell. By means of the SIR-CSRR unit-
cell, three equal/unequal FPDs with arbitrary power-di-
viding ratio have been reported. Additionally, to further 
size reduction of the proposed FPDs, the HMSIW plat-
forms are used. All of the proposed HMSIW FPDs are 
designed at 2.4 GHz which are suitable for WLAN appli-
cations. For demonstration of the applied procedures in 
the proposed HMSIW FPDs, the suggested equal/unequal 
HMSIW FPDs have been fabricated and measured. A rea-
sonable agreement between simulated and measured re-
sults has been achieved. The entire size of the suggested 
equal/unequal HMSIW FPDs is about 0.11 × 0.09 λg
2. 
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1. Introduction 
The bandpass filters (BPFs) and power dividers (PDs) 
are the fundamental passive components in the microwave 
systems [1–5]. Microwave engineers attempted to design 
and introduce many types of BPFs and PDs to attain more 
ideal specifications and performances. Integrating two or 
more single-function circuits into one block is an interest-
ing procedure to achieve the size reduction, low cost, low 
loss and high performance. Filtering power divider (FPD) 
is a dual-functional component which is realized by com-
bining the BPF and PD [6–14]. Numerous FPDs based on 
the several methods have been developed in [6–19]. The 
main drawbacks of the reported circuits can be mentioned 
the large size, high-insertion loss, high cost and difficult 
manufacturing. 
The concept of substrate integrated waveguide (SIW) 
has been introduced to overcome the weaknesses of the 
conventional waveguide. The SIW platform is manufac-
tured in a planar substrate and can be implemented with 
two metal plates on the top and bottom sides which are 
connected with linear arrays of the metallized via holes. 
The SIW structures have many benefits like low cost, low 
loss, high quality factor and easy integration with planar 
circuits however, occupies a large area. Therefore, this 
configuration needs a technique to decrease its dimension. 
Half-mode SIW (HMSIW) [20], folded SIW (FSIW) [21], 
ridge SIW (RSIW) [22] and the evanescent mode propaga-
tion technique [23] are some of methods to reduce the size 
of the conventional SIW structures. 
In this paper, three miniaturized FPDs with an arbi-
trary power division ratio founded on the HMSIW configu-
rations and by using metamaterial concept are introduced. 
To achieve the compact size and the bandpass filtering 
response, the evanescent mode theory has been employed. 
Based on this technique, an additional forward passband 
below the SIW cutoff frequency could be obtained by 
engraving the electric dipoles on the SIW surface. Fur-
thermore, approximately 50% size reduction can be 
achieved by using the HMSIW technique without damag-
ing the performance of the SIW structure. In the proposed 
FPDs, the arbitrary power division ratio can be straight-
forwardly obtained by changing the places of the output 
ports. In order to confirm the distinctive capabilities of the 
proposed structures, three HMSIW FPDs with different 
power division ratios of 1:1, 1:4, and 1:8 have been de-
signed, simulated, fabricated and tested. The proposed 
FPDs have the advantages in terms of low cost, low loss, 
high selectivity, high power-handling capability and easy 
integration with planar circuits. 
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2. Design Procedure of the Proposed 
HMSIW PDs 
The stepped-impedance resonator (SIR) is the attrac-
tive technique to miniaturize the metamaterial unit-cells 
[1], [2]. Based on this technique, a metamaterial unit-cell 
has been reported which is called the SIR-CSRR [1], [2]. 
The SIR-CSRR unit-cell consists of two modified rings so 
that the conventional slot lines is replaced by the SIR slot 
lines [1], [2]. By replacing the SIR transmission lines in the 
metamaterial structure instead of the conventional trans-
mission lines, a downward frequency shift in the S-param-
eters has been achieved. Consequently, the electrical size 
of the SIR-CSRR unit-cell is smaller than the conventional 
complementary split-ring resonator (CSRR) with the same 
size. It means that the physical size of the SIR-CSRR unit-
cell is decreased in comparison with the conventional 
CSRR unit-cell with the same central frequency.  
Figure 1 depicts the traditional CSRR unit-cell and 
the SIR-CSRR unit-cell, respectively with the identical 
sizes. In the condition of the same sizes, the resonance 
frequency of the SIR-CSRR unit-cell is less than the con-
ventional CSRR [1], [2]. Similarly to the conventional 
CSRR, the SIR-CSRR unit-cell is also modelled as a shunt 
resonant tank with inductance Lr and capacitance Cr. The 
resonance frequency of the SIR-CSRR unit-cell is able to 
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The CSRR and SIR-CSRR unit-cells, which are 
excited by an axial external electric field, act as electric 
dipoles. In fact, these unit-cells are vital components to 
implement the ε-negative media in the neighborhood of 
their resonant frequencies. Consequently, a ε-negative can 
be predictable in a narrow band near their resonant 
frequencies.  
On the other hand, the SIW structure is able to pro-
vide ε-negative when worked below the cutoff frequency 
of its dominant TE10 mode [24]. The dispersion constant of 





r eff eff r 2
, 1k
    

 
   
 
  (2) 
            
                            (a)                                                       (b) 
Fig. 1. Configuration of the (a) conventional CSRR unit-cell 
and (b) SIR-CSRR unit-cell. 
where μr and εr are the permeability and permittivity of the 
substrate which the SIW structure is implemented on it, 
and ω0 is the cutoff frequency for the dominant TE10 mode. 
When the SIW is utilized below the cutoff frequency, εeff 
becomes negative and k becomes an imaginary number. In 
this case, the wave propagation is prohibited and the re-
sulting mode is an evanescent mode. Accordingly, a uni-
form ε-negative material can be automatically achieved in 
the frequency range below the SIW cutoff frequency [1], 
[2]. This property looks to be useless for the typical SIW 
applications while it becomes an enchanting feature under 
the scenario of metamaterial concept. Consequently, 
a seductive technique for combining the metamaterial and 
SIW structures is presented which calls the evanescent 
mode propagation technique. Based on the theory of eva-
nescent mode, by engraving the electric dipoles on the 
metal surface of the SIW structure, an additional passband 
below the SIW cutoff frequency can be achieved. This 
means that, by combining the SIW structure and a ε-nega-
tive material, the intrinsic constitutive parameters of the 
SIW structure below the cut-off frequency have been 
changed and a forward wave propagation can be obtained 
[1], [2]. Since the proposed SIR-CSRR act as a ε-negative 
material, therefore a forward passband below the cut-off 
frequency of the SIW structure is achieved by etching the 
SIR-CSRR unit-cell on the SIW structure. Furthermore, the 
HMSIW structure has the advantages of the SIW and its 
size is nearly half of the SIW which has been obtained with 
cutting plane along the magnetic wall. Therefore, by load-
ing the proposed SIR-CSRR unit-cell on the metal surface 
of the HMSIW structure, the physical size of the filter has 
been reduced which means that miniaturization has been 
occurred. The configuration of the HMSIW filter loaded by 
the SIR-CSRR is depicted in Fig. 2. The simulated fre-
quency responses for this filter are illustrated in Fig. 3. As 
shown in this figure, a passband appears in the vicinity of fr 
= 2.4 GHz below the cutoff frequency of the HMSIW 
structure. 
Extracted real part of the permittivity (ε) and permea-
bility (μ) of the designed filter is displayed in Fig. 4. As 
can be seen in this figure, the positive permittivity is oc-
curred at 2.4 GHz which is in the neighborhood of the 
resonance frequency of the SIR-CSRR unit-cell. This vali-
dates that by loading the SIR-CSRR unit-cell on the 
HMSIW configuration, original ε-negative material below 
the HMSIW cutoff frequency becomes ε-positive and 
a forward propagation has been achieved. In other words, 
the SIR-CSRR unit-cell is able to convert the negative 
permittivity of the intrinsic material into positive in a lim-
ited frequency range. The normalized dispersion relation 
and the curve of the attenuation constant of the HMSIW 
filter loaded by the SIR-CSRR unit-cell are also depicted in 
Fig. 5. As illustrated in this figure, the dispersion diagram 
shows a positive slope at that frequencies which the SIR-
CSRR unit-cell is excited by an axial electric field. This 
curve confirms that the passband which has been occurring 
below the HMSIW cutoff frequency has forward-wave 
nature. As well as, the curve of the attenuation constant 
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demonstrates that there are two passbands which one of 
them is the forward-wave passband below the cutoff fre-
quency of the HMSIW platform and another passband is 
the inherent HMSIW high passband. The simulated un-
wrapped phase of the designed filter is shown in Fig. 6. As 
proved in Fig. 6, the phase is negative in the frequency 
region which the bandpass is occurring and confirms that 
this bandpass is because of the forward wave propagation 
below the HMSIW cutoff frequency. 
In order to investigate the design procedure, the 
equivalent circuit model of the proposed HMSIW filter 
loaded by the SIR-CSRR unit-cell is illustrated in Fig. 7(a). 
In this model, the HMSIW can be considered as an ordi-
nary two-wire transmission line loaded with infinite num-
ber of via holes which are modeled as inductance Lvia. This 
component makes a high-pass responses of the HMSIW 
structure. The proposed SIR-CSRR unit-cell can be mod-
eled as a resonator tank with inductance Lr and capacitance 
Cr. As well as, the coupling between the HMSIW structure 
and the SIR-CSRR unit-cell has been considered as a com-
bination of electric and magnetic couplings. Accordingly, 
Lc and Cc are used to illustrate the inductive and capacitive 
couplings between the HMSIW structure and the SIR-
CSRR unit-cell. The resulting element values of the circuit 
model for the designed HMSIW filter loaded by the SIR-
CSRR unit-cell are: Lvia = 4.4 nH, Cr = 2.65 pF, Lr = 
2.3 nH, Cc = 2.1 pF, Lc = 0.98 nH. These lumped element 
values have been calculated using the Advance Design 
System (ADS) electromagnetic simulator. 
The simulated frequency responses of the proposed 
HMSIW band pass filter loaded by the SIR-CSRR unit-cell 
and its equivalent circuit model are shown in Fig. 7(b). As 
well as, the simulated frequency responses of the conven-
tional HMSIW are illustrated in Fig. 7(b). As can be seen 
in this figure, the transmission pole and zero in the fre-
quency responses for the proposed filter and its equivalent 
circuit model are closely matched with each other. It 
should be noted that the circuit model cannot reflect the 
influence of the high-order modes of the designed filter 
because it is simplified and valid only for a limited fre-










    (3) 
It is worth mentioning that the series part impedance 
in the circuit model undergoes an abrupt change (from 
inductance infinity to capacitance infinity) around 3.4 GHz 
which is a sudden change on the dispersion diagram shown 
in Fig. 5. 
On the other hands, according to the equivalent circuit 
model, the influence of the wider slot line on the SIR-
CSRR configuration can be considered as an increase in Lr 
in the circuit model. Consequently, the resonance fre-
quency becomes lower compared to the conventional 
CSRR. In other words, by applying the SIR technique in 
the conventional CSRR unit-cells, the resonance frequency 
of the proposed SIR-CSRR unit-cells will be shifted down 
because of increasing the total inductance of them. 
Port 1 Port 2
 
Fig. 2. Configuration of the HMSIW bandpass filter loaded by 
the SIR-CSRR unit-cell. 

































Fig. 3. Simulated frequency responses of the HMSIW 
bandpass filter loaded by the SIR-CSRR unit-cell. 




















Fig. 4. Extracted real part of the relative permittivity (εr) and 
relative permeability (μr) for the HMSIW bandpass 
filter loaded by the SIR-CSRR unit-cell. 




































Fig. 5. Dispersion and attenuation diagrams for the HMSIW 
bandpass filter loaded by the SIR-CSRR unit-cell. 
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Fig. 6. Simulated unwrapped phase for the HMSIW bandpass 























































Fig. 7.  (a) Equivalent-circuit model and (b) frequency 
responses of the conventional HMSIW, circuit model 
and EM-simulated of the HMSIW filter loaded by the 
proposed SIR-CSRR unit-cell. 
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Fig. 8. Configuration of the proposed equal HMSIW FPD. 



















































Fig. 10. Configuration of the proposed unequal HMSIW FPD. 
Figure 8 illustrates the suggested equal FPD using 
HMSIW structure. The simulated frequency responses of 
the proposed equal HMSIW FPD are depicted in Fig. 9. To 
attain an ultra-compact size, the HMSIW configuration has 
been used. As previously mentioned, the working principle 
of the designed FPDs is based on the evanescent mode 
technique. According to this technique, an extra forward 
passband below the cutoff frequency of the HMSIW 
structure can be achieved. The filtering property of the 
suggested FPDs is because of the using this technique. In 
all of the proposed FPDs, the center frequency of the pass-
band can be simply tuned by resizing the SIR-CSRR unit-
cell. As well as, the bandwidth and matching performance 
can be adjusted by changing the values of l6 and w7. Addi-
tionally, the power division ratios of the proposed FPDs 
can be regulated and controlled by varying the value of w6. 
The suggested unequal FPD is shown in Fig. 10. Fig-
ure 11 shows the simulated frequency responses of this 
layout. As demonstrated in these figures, different power 
division ratios have been achieved by altering the locations 
of the output ports which two FPDs with power division 
ratios of 1:4 and 1:8 are realized by this structure, respec-
tively. The curve of the changes in the power division ratio 
with altering the value of w6 (distance between the two 
output ports) is plotted in Fig. 12. The power division ratio 
can be increased by raising the value of w6. 
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Fig. 11. Simulated results of the unequal HMSIW FPD: 
(a) ∆out = 6 dB and (b) ∆out = 9 dB. 


















Fig. 12. The ∆out of the proposed FPDs as a function of w6. 
The design steps and optimization processes of the 
dimensions for the proposed FPDs have been summarized 
as follows: 
1.  The cutoff frequency of the dominant TE10 mode for 
the proposed FPDs can be tuned by altering the val-
ues of w1, d, and p. 
2.  The center frequency of the proposed FPDs can be 
adjusted by the values of w2–w5, l1–15 and c. 
3.  The power division ratios of the proposed FPDs can 
be controlled by changing the distance w6. 
4.  The bandwidth and matching performance of the pro-
posed FPDs can be regulated by varying the values of 
l6 and w7. 
3. Results and Discussion 
The whole suggested HMSIW FPDs are implemented 
on the Rogers RO4003C substrate with a dielectric con-
stant of 3.55, loss tangent of 0.0027 and thickness of 
0.508 mm. The final sizes and parameters of the proposed 
equal/unequal FPDs are: w1 = 7.5 mm, w2 = 1.6 mm,  
w3 = 1.1 mm, w4 = 1.8 mm, w5 = 1.1 mm, l1 = 0.8 mm,  
l2 = 0.8 mm, l3 = 0.8 mm, l4 = 1.2 mm, l5 = 0.6 mm,  
c = 0.2 mm, d = 0.8 mm, p = 1.4 mm, w6 (∆out = 0 dB) = 
2.7 mm, w6 (∆out = 6 dB) = 4.2 mm, w6 (∆out = 9 dB) = 
5 mm, l6 = 0.4 mm, and w7 = 1.5 mm . The overall dimen-
sion of the proposed equal/unequal FPDs is 0.11 × 0.09 λg
2. 
The photographs of the fabricated equal/unequal FPDs are 
shown in Fig. 13.  
Comparison between the simulated and measured 
results for the equal/unequal HMSIW FPDs are shown in 







Fig. 13. Photograph of the fabricated equal/unequal HMSIW 
FPDs: (a) ∆out = 0 dB, (b) ∆out = 6 dB and  
(c) ∆out = 9 dB. 
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Fig. 14. Measured and simulated results of the fabricated 
equal/unequal HMSIW FPDs: (a) ∆out = 0 dB,  
(b) ∆out = 6 dB, (c) ∆out = 9 dB. 
The measured results well-matched with the simu-
lated one. The equal FPD has a 3 dB bandwidth of 
950 MHz in 1.88–2.85 GHz frequency band. The measured 
return loss is better than 28 dB and the measured in-band 
insertion losses S21 and S31 are 0.5 dB. Moreover, the 
measured results demonstrate that the measured phase 
imbalances for the equal FPD are within −5° to 1.5°. The 
unequal power divider with ∆out = 6 dB has a 3 dB band-
width of 960 MHz in 1.86–2.82 GHz frequency band. The 
measured in-band insertion loss and return loss are 0.4 dB 
and better than 27 dB, respectively. In addition, the meas-
ured results illustrate that the measured phase imbalances 
for the unequal FPD with ∆out = 6 dB are within 2° to 
5.2°. The unequal power divider with ∆out = 9 dB has 
a 3 dB bandwidth of 920 MHz in 1.88–2.80 GHz fre-
quency band. The measured in-band insertion loss and 
return loss are 0.5 dB and better than 22 dB, respectively. 
Furthermore, the measured results prove that the measured 
phase imbalances for the unequal FPD with ∆out = 9 dB 
are within –3.8° to –2.3°. The discrepancy between the 
measured and simulated results could be attributed to the 
tolerance of the dielectric constant, fabrication errors and 
the insertion loss of subminiature version A (SMA) con-
nectors. Table 1 compares the performances of the pro-
posed equal FPD with some recently reported FPDs. In this 
table, the advantages in size reduction and low insertion 
loss are very clear. Furthermore, the total size of the pro-
posed FPDs are approximately 0.25, 0.12 and, 0.22 of the 
whole size of the reported FPDs in [7], [9] and [10], 
respectively. 





















































































Fig. 15. Measured and simulated differential phases of the fab-
ricated equal/unequal HMSIW FPDs: (a) ∆out = 0 dB, 
(b) ∆out = 6 dB, (c) ∆out = 9 dB. 
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Ref. Num. CF (GHz) IL (dB) RL (dB) FBW (%) Size (λg
2) 
[7] 5.62 1 15 6 0.037 
[8] 5.61 1.2 14 7.8 0.66 
[9] 5.82 1.2 24 15.8 0.077 
[10] 5.39 1.3 13 13.73 0.043 
[11] 2.45 4.29 15 14.7 0.081 
[12] 1.08 1 15 10.4 0.10 
[13] 4.8 0.5 15 27 0.42 
[14] 2.45 3.2 17 8.2 0.079 
[15] 1.62 0.48 29 79.2 0.04 
[16] 2.39 1.58 20 7.8 0.052 
[17] 9 1.1 12 22.3 1.09 
This work 2.4 0.5 28 39.5 0.009 
Ref. Num.: Reference Number, CF: Center frequency, IL: Insertion loss, RL: Return loss, FBW: Fractional bandwidth. 
Tab. 1. Comparison with other PDs. 
 
4. Conclusion 
In this paper, three equal/unequal PDs with filtering 
responses and arbitrary power dividing ratio based on the 
HMSIW structure and the miniaturized metamaterial unit-
cell have been introduced. To achieve filtering PDs with 
ultra-compact size, HMSIW configuration, evanescent 
mode propagation technique, metamaterial concept and 
stepped-impedance method have been used, simultane-
ously. By varying the situations of the output ports, the 
power division ratio can be easily tuned. Three HMSIW 
PDs with filtering response and different power division 
ratios of 1:1, 1:4, and 1:8 have been fabricated and tested. 
The measurement results approve the ability of the pre-
sented FPDs in term of size reduction. Moreover, the pro-
posed FPDs have many benefits such as high selectivity, 
easy combination with other planar circuits, low cost and 
low loss. 
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